The aerodynamic force on flying insects results from the vortical flow structures that vary both spatially and temporally throughout flight. Due to these complexities and the inherent difficulties in studying flying insects in a natural setting, a complete picture of the vortical flow has been difficult to obtain experimentally. In this paper, Schlieren, a widely used technique for highspeed flow visualization, was adapted to capture the vortex structures around freely flying hawkmoth (Manduca). Flow features such as leadingedge vortex, trailing-edge vortex, as well as the full vortex system in the wake were visualized directly. Quantification of the flow from the Schlieren images was then obtained by applying a physics-based optical flow method, extending the potential applications of the method to further studies of flying insects.
Introduction
The complex flow topology of flapping wings, revealed through smoke visualization conducted on insects and robotic flappers, established the prominence of a stably attached leading edge vortex (LEV) responsible for lift augmentation in insect flight [1, 2] . Further characterized by scaled tank experiments with robotic flappers, quantitative force data were correlated to models of the quasi-steady aerodynamic mechanisms formulated from detailed oil tank experiments [3] . In the light of flow quantification techniques, e.g. particle image velocimetry (PIV), the study of flapping wing aerodynamics progressed to enable a quantitative depiction and measurements of flow structures generated by flying animals [4] [5] [6] . These flow investigations typically consisted of localized two-dimensional flow measurements, providing significant insight into the nature of animal flight, but they were limited in their depiction of three-dimensional vortex systems. Most recently, with the advancements in tomographic-PIV, the instantaneous vortical flow structure was successfully captured and reconstructed three-dimensionally on a tethered locust [7] . Nonetheless, only flow in the far-field, away from the tethered locust, was studied due to the inherent limitations of the method. Qualitative flow visualization methods, on the other hand, have been used to visualize three-dimensional flow in flying animals [8 -10] . Smoke plume visualization on a hovering hummingbird was used to reconstruct the near-field three-dimensional flow structure in the downwash [8] . Yet, these visualization methods only depict patterns of streak-lines in the unsteady flow, leaving the vortex structures to be later interpreted from the complex smoke patterns [11] . Here we apply Schlieren photography, a widely used flow visualization method in high speed flow [12] , on freely flying hawkmoth (Manduca sexta), using alcohol vapour as a passive scalar [11] to capture and visualize the three-dimensional vortex system. A physics-based optical flow method [13] is then used to quantify the nearfield flow around the wing tip, demonstrating the potential of the method in further studies on flying insects.
Material and methods
Male Manduca sexta adults were obtained from the Purdue University Entomology department. A high speed Schlieren photography system was implemented to visualize the unsteady threedimensional vortical flow on freely flying Manduca. This system consists of two single mirror, double-pass, Schlieren set-ups with two high speed cameras (Mini UX100, Photron), filming from two orthogonal views. In each Schlieren system, a white LED light was projected through a 1 mm pin hole onto a 10-inch diameter optical spherical mirror (Edmond optics). A portion of the reflected light was then redirected towards the highspeed camera using a 50/50 (reflection/transmission ratio, Edmond optics) beam-splitter for capture. At the focal point of the reflected light, a razor blade was used as the knife-edge producing the Schlieren images (see electronic supplementary material, figure S1 ). To trace the vortical flow produced by the flapping Manduca wings, warm isopropyl alcohol (91% isopropyl alcohol heated to 388C) was brushed onto the surface of both wings at the beginning of each test. The Manduca was then released to fly freely in the flow observation region. Upon wing acceleration and rotation, airflow over the wing surface increases vaporization of the alcohol, drawing it into the vortex sheet/vortices and forming the pattern of passive scalar. The Schmidt number of vaporized median is estimated to be on the order of one, thus formations depicted by the alcohol vapour will accurately capture the vortical flow structures in the absence of significant vortex stretching [11] . Through our high speed Schlieren photography system, the unsteady threedimensional vortex structure was visualized and recorded by two high speed cameras at 1000 frames per second from two orthogonal views. In total, thirty tests were conducted and results from the most illustrative test are presented in this paper. The moth's average translating speed was measured by tracking an eye of the Manduca using a Matlab code developed by Hedrick [14] .
Results
Using isopropyl alcohol applied to the surface of insect wings and high speed Schlieren photography, the overall vortex structure and its development on freely flying hawkmoth Manduca sexta can be directly visualized experimentally. Images of distinct vortex structures were obtained on a near hovering Manduca with an average flying speed of 0.3 m s 21 (measured by tracking the hawkmoth eye's motion over 300 image frames). Figure 1a -d shows the images of vortex structure in the down-stroke. A combined structure of starting vortex and stopping vortex was observed on each wing in the beginning of down-stroke right after wing pronation (figure 1a). Then very quickly, on each wing, distinct tip vortices were generated from both the fore-and hind-wing (figure 1b). Meanwhile, a stable leading-edge vortex was created with one end connecting to the fore-wing tip vortex. Although a continuous leadingedge vortex extending across the thorax was previously reported by Bomphrey et al. [15] from experiments on tethered Manduca in a wind tunnel, we found no evidence of such a structure; instead, a cone-shaped leading edge vortex was observed (figure 1c) on each wing. This difference might be caused by the incoming flow velocity difference between the two experimental cases. As a result, an open vortex loop or horseshoe-shaped vortex [1] is created on each wing, connecting the leading-edge vortex, tip vortex, starting/stopping vortex and root vortex (figure 1d). (Video of the vortex structure in down-stroke can be found in the video file: 1.WMV; see Dryad repository: https://doi.org/10.5061/dryad.6rv7470.) This vortex loop structure on Manduca has been previously observed in experimental and numerical studies on Manduca models [1, 16] . Having never been observed on freely flying Manduca directly, the observance of the vortex structure presented in this work thus serves as a direct confirmation of these studies. Furthermore, unique to previous experimental and numerical studies on Manduca, the existence of a secondary hind-wing tip vortex as revealed by this technique presents a more complete depiction of the vortex loop structures generated by the Manduca wings. At the end of the down-stroke, during the supination (figure 1c), the cone-shaped leading edge rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180198 vortex, under significant deformation due to the rapid wing twisting, was clearly captured. Subsequently, the leadingedge vortex is shed into the wake along with the other vortices created during the down-stroke, forming a closed vortex loop.
The vortex structure during the upstroke is shown in figure 1e-h. After wing supination, a closed vortex loop was shed into the wake from each wing while two significant tip vortices were created from the tips of fore-and hindwings with ends connecting to the previously shed vortex loop (figure 1g). Concurrently, a root vortex was created, also connecting to the shed vortex loop. However, unlike the flow structure captured in the down-stroke, we found no evidence of a significant attached leading-edge vortex during the up-stroke. This is consistent with results from smoke visualization studies and computational fluid dynamics (CFD) simulations on a hovering Manduca model [1, 16] , and is indicative of a lack of vortex loop formation during the up-stroke. Therefore, after one complete wing beat cycle, the resulting vortex structure created under each wing consists of a vortex loop in the far wake, two tip vortices and a root vortex in the near field. (Video of the vortex structure in up-stroke can be found in the video file 2.WMV; see Dryad repository: https://doi.org/10.5061/dryad.6rv7470.)
As shown above, the vortical flow structures visualized by the isopropyl alcohol are distinctive features. The evolution and displacement of these features can be clearly seen through the provided videos. The physics-based optical flow method, appropriately suited as a velocity quantification tool for Schlieren images [13] , is then applied on two consecutive images to quantify the flow velocity around the wing tip. . In figure 2c , the vorticity contour and streamlines are plotted. The strong counter-clockwise vorticity region, shown in the blue, correlates with the tip vortex, highlighted by the red dashed region, demonstrating the method's ability to capture vortices.
Through Schlieren photography with isopropyl alcohol vapour as a medium, a linked vortex system is revealed on a freely flying Manduca. Similarly, linked vortical flow behaviours were observed through conventional flow visualizations and PIV measurements on birds and bats [8, [17] [18] [19] . Using a stereo-PIV system, streamwise vorticity was quantified on freely flying blackcaps (Sylvia atricapilla L.) in a wind tunnel at different time instances and spatial locations, revealing a linked vortical flow structure in the wake region of the bird [17] . On a slowly flying bat, leading edge vortex, starting vortex, tip and root vortices were captured separately from the stream-wise and span-wise PIV measurements, suggesting a closed loop vortex system created during the down-stroke [18] . In our study, however, the entire vortex ring structure in the down-stroke was captured directly without the need for data reconstruction and interpretation. Furthermore, when paired with the physics-based optical flow method, quantification of vortical flow can be extended to the visualization images obtained through Schlieren photography. However, flow quantification of this type can only be used to quantify regions with strong vortical flow where the isopropyl alcohol vapour can be seen. Additionally, with limited numbers of cameras, the current physics-based optical flow method is restricted to flow quantification on the two-dimensional imaging plane and cannot quantify the flow in three-dimensional space. To extend this method to three-dimensional flow velocity quantification, Schlieren imaging from multiple views and advanced reconstruction algorithms are currently being explored. rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180198
